We present a study of the physical properties of perovskite oxide Nd 0.5 Sr 0.5 MnO 3 (NSMO) thin films grown on (110)-oriented SrTiO 3 substrates. In bulk form, NSMO displays coupled magnetic and electronic transitions from paramagnetic/insulator to ferromagnetic (FM)/metal and then to antiferromagnetic (AFM)/charge-ordered insulator with decreasing temperature. In thin films, the AFM ordering only occurs when the films exist in an anisotropic strain state such as those obtained on (110)oriented cubic substrates. In this work, resonant X-ray reflectivity, soft X-ray photoemission electron microscopy (X-PEEM), and magnetometry measurements showed that the NSMO film displays both vertical and lateral magnetic phase separation. Specifically, the film consists of three layers with different density and magnetic properties. The FM and AFM properties of the main NSMO layer were probed as a function of temperature using soft X-ray magnetic spectroscopy, and the coexistence of lateral FM and AFM domains was demonstrated at 110 K using X-PEEM.
Introduction
In order to maintain the current pace of innovation in memory and logic devices, novel classes of materials and alternative device designs are imperative for further breakthroughs [1] . Among the candidate materials, complex metal oxides (CMOs) are promising due to their diverse functional properties such as colossal magnetoresistance, abrupt metal-to-insulator transitions, and a high degree of spin polarization at the Fermi level [2] [3] [4] [5] [6] [7] [8] [9] . Within the family of CMOs, perovskite oxides with the chemical formula ABO 3 have received a great deal of interest because of the wide range of functional properties which can be controlled through chemical substitutions on the A and B sites, as well as the oxygen stoichiometry [10] [11] [12] [13] . In addition, modern thin film synthesis techniques have enabled fine control of structural parameters such as the epitaxial strain state, strain symmetry, and film thickness such that artificial composite materials with emergent functional properties at interfaces can be investigated [14] [15] [16] .
For example, the hole-doped manganite Nd 1-x Sr x MnO 3 displays a rich phase diagram of different magnetic and electronic phases depending on the Sr doping level. For a small range of compositions from 0.48 < x < 0.51, Nd 0.5 Sr 0.5 MnO 3 (NSMO), two coupled magnetic and electronic transitions are observed as a function of temperature, involving a first transition upon cooling from the paramagnetic (PM)/ insulating phase to a ferromagnetic (FM)/metallic phase at~197 K, followed by a transition to an antiferromagnetic (AFM)/charge-ordered insulating phase at~150 K [17] . Over a range of applied magnetic field and temperatures, first order phase transitions can lead to coexistence of the FM and AFM phases [18] [19] [20] . Recent studies show that this magnetic phase coexistence can lead to large magnetoresistance effects which can be applied in hard disk drives and magnetoresistive spintronic device applications [21] [22] [23] [24] [25] .
In NSMO thin films, it has been reported that stabilizing the AFM/ insulator phase requires an anisotropic strain state to support Jahn-Teller (JT) distortions of the MnO 6 octahedra and the structural freedom to drive the Mn 3+ ions into the charge-ordered phase [26] [27] [28] . Such an anisotropic strain state can be achieved using (110)-oriented substrates such that the a-and b-axes of the pseudocubic (pc) unit cell are canted 45°out of the (110) surface plane, creating some freedom for the BO 6 octahedral bond directions to distort at temperatures below the Néel temperature (T N ). This substrate orientation presents a rectangular growth surface where the two low-index in-plane directions are the [0 0 1] and [1 1 0] cubic substrate directions. Bulk NSMO has orthorhombic symmetry with lattice parameters of a = 0.543 nm, b = 0.548 nm, and c = 0.764 nm at room temperature, corresponding to a pc = 0.3840 nm [17, 29] . On (1 1 0)-oriented SrTiO 3 (STO) substrates with cubic symmetry and a = 3.905 Å, the lattice mismatch between STO and the NSMO film is 0.86% in the [0 0 1] substrate direction and 2.23% in [1 1 0] substrate direction, which are expected to result in fully strained and partially relaxed strain states, respectively [28] . In contrast, when NSMO films are grown on (0 0 1)-oriented substrates where the a-and b-axes of the pseudocubic unit cell are clamped to the substrate, only the FM/metallic phase is observed down to low temperatures [26, 28] . Furthermore, prior studies have shown that stabilizing the AFM/insulator phase in NSMO thin films strongly depends on the preparation method or growth conditions, such as substrate temperature and oxygen pressure during pulsed laser deposition (PLD) [26] [27] [28] [30] [31] [32] .
In this work, we present a study of the physical properties of NSMO thin films grown on (1 1 0)-oriented STO substrates. Resonant X-ray reflectivity (RXRR) and bulk magnetization measurements showed that vertically the NSMO film consists of three layers which differ in terms of their density and magnetic properties. Polarized soft X-ray magnetic spectroscopy, exploiting the X-ray magnetic circular/linear dichroism (XMCD/XMLD) effects, were performed to directly probe both the FM and AFM characteristics, respectively, and to confirm the occurrence of the FM-AFM transition. X-ray photoemission electron microscopy (X-PEEM) was used to image the FM and AFM domains and to demonstrate the lateral coexistence of FM and AFM domains at 110 K, as expected for a first order phase transition. These characterization techniques demonstrate the multiple magnetic and electronic phase transitions in the NSMO films, and thus the possibility and diversity of functional properties to be applied in next generation devices.
Experimental methods
Epitaxial NSMO thin films were deposited on (1 1 0)-oriented STO substrates by PLD with a laser pulse frequency of 5 Hz and laser fluence of~1.5 J cm −2 . During the growth, the substrate temperature was held at 750°C and the oxygen background pressure was 160 mTorr. The films were cooled slowly to room temperature after the deposition with an oxygen pressure of 100 Torr to ensure proper oxygen stoichiometry. The structural properties of the films were characterized by high-resolution X-ray diffraction (XRD) using a Bruker D8 DISCOVER fourcircle diffractometer using Cu K α1 X-rays. RXRR spectra were obtained at Beamline 2-1 at the Stanford Synchrotron Radiation Lightsource using an X-ray energy near the Mn K edge (6552 eV). This K-edge absorption energy was obtained by doing the Kramers-Kronig transformation to the X-ray absorption near edge structure energy spectra, where the real part of the X-ray dispersion correction factor, f′, is at a minimum. XRR spectra taken at resonant energies provide increased sensitivity to the chemical contrast between thin films and substrates which have similar density [33] . By simulating the RXRR spectra in the GenX reflectivity simulation software [34] , the thickness, roughness, and density values of the films were modeled. A Lakeshore probe station was used to measure the film resistivity upon warming from 80 K with the van der Pauw geometry. The bulk magnetic properties with the magnetic field applied along the in-plane [0 0 1] substrate direction was measured using a VersaLab Physical Properties Measurement System from Quantum Design.
Soft X-ray magnetic spectroscopy at the Mn L-edge was performed at 80 K and 160 K at beamlines 4.0.2 and 6.3.1 at the Advanced Light Source (ALS) using the total electron yield (TEY) detection mode. For the XMCD measurements, the X-rays were incident upon the sample at a 30°grazing angle along the [0 0 1] substrate directions, and the magnetic field was applied parallel to the X-rays. The dichroism was calculated as the difference between spectra captured with applied magnetic field ± 1.4 T. The X-ray linear dichroism (XLD) spectra were acquired with an X-ray incidence angle of 45°along the [1 1 0] substrate directions using s-and p-polarized X-rays so that the E-vector was oriented parallel to the [0 0 1] and [1 0 0] substrate directions, respectively. The XLD spectra were calculated as the difference of the XA spectra obtained with the two linear polarizations. The X-PEEM images were acquired using the PEEM3 microscope at Beamline 11.0.1 at the ALS [35] , with the X-ray beam incident along the [0 0 1] substrate direction at a 30°grazing incidence angle. XMCD-PEEM images were obtained using right/left circularly polarized (RCP/LCP) X-rays at the photon energy corresponding to the maximum XMCD signal. XLD-PEEM images were acquired at the photon energies corresponding to the negative and positive features of the Mn L 2 XLD spectra with the polarization rotating from p-to s-polarized X-rays. In all cases, the domain images were obtained using an asymmetry equation, I = (I RCP − I LCP )/(I RCP + I LCP ), to remove topographic contributions and work function differences from the domain images.
Results and discussion
RXRR and XRD ω-2θ scans (Fig. 1 ) display a well-defined film peak and Kiessig fringes indicative of a highly crystalline film with smooth interfaces. From the XRD data, a pc (NSMO) is determined to be 0.3825 nm, consistent with a film under substrate-induced tensile strain. The periodicity of the Kiessig fringes in the RXRR spectrum ( Fig. 1a ) corresponds to a total film thickness of 16.5 nm, however, an envelope of a longer period oscillation indicates that the NSMO film is best represented as three layers which differ by their density due to changes in their composition, electronic properties, and/or optical constants. Table 1 lists the full structural characteristics of these three layers. Similar three-layer models have been used for other oxide thin films [30, 36] . Due to the exposure of the samples to atmosphere between deposition and X-ray measurements, a thin surface carbon-containing layer was added to refine the simulation [37] . The error bars were determined by the range that produces a ± 5% change in the figure of merit (FOM). The lower density in the layer at the NSMO/STO interface may result from the tensile strain induced by the STO substrate, while the thin surface layer may be slightly oxygen or cation deficient [36, 38, 39] . The main NSMO layer (thickness~14.7 nm) has the same density as bulk NSMO and is sandwiched between the surface and interface layers. Compared to simpler two-layer models with only the surface and the main layer, or the main and substrate interface layers (see Fig. S1 ), the logarithmic FOM of the three-layer model is decreased by 59% and 46%, respectively (FOM = 0.05378). The surface and interface layers are not detectable in the ω-2θ scan due to their small thickness (< 1 nm).
Reciprocal space maps (RSMs) taken around the asymmetric (2 2 2) and (3 1 0) peaks for the STO substrate are shown in Fig. 2 . As discussed earlier, it has been postulated that the asymmetric strain state of NSMO thin films grown on (1 1 0)-oriented STO substrates [26, 28] facilitates the observation of the FM-AFM transition. According to this theory, the films need to be strained to the substrate in the in-plane [0 0 1] direction (corresponding to the (2 2 2) peak) and partially relaxed in the inplane [1 1 0] direction (corresponding to the (3 1 0) peak). As shown in Fig. 2 , the NSMO film adopts this epitaxial strain state, as the weak film peak is shifted to higher values of reciprocal space compared to the substrate peak in the (3 1 0) RSM, while the two peaks are exactly vertically aligned in the (2 2 2) RSM.
The bulk magnetic properties of the NSMO thin films were probed using resistivity and magnetization measurements as shown in Fig. 3 . These values are normalized to the film volume using the surface area and the total film thickness (16.5 nm) obtained in the RXRR fitting. Upon cooling, the film undergoes two electrical and magnetic phase transitions, i.e. PM/insulator to FM/metal transition at Curie temperature (T C )~197 K and the FM/metal to AFM/insulator transition at T N~1 50 K. In the resistivity measurement, T C and T N were determined as the temperature where the curve is a local maximum and minimum, respectively [40] [41] [42] . In the magnetization plot, the transition temperatures were determined as the temperatures where dM/dT has the largest magnitude [43] . Using these metrics, the transition temperatures are in good agreement between the two measurements. In the temperature region below T N , the resistivity exponentially increases with decreasing temperature as expected for an insulating film, however, the magnetization gradually decreases but does not completely drop to zero as would be expected for an AFM phase. This result suggests that instead of displaying complete AFM ordering, the transition at T N may be associated with a gradual growth of AFM domains with the presence of shrinking FM domains. As the AFM domains grow, they form a percolated network such that they dominate the resistivity measurements leaving small isolated FM domains. Mn-XMCD measurements provide element specific and surface sensitive magnetic characterization of the NSMO films ( Fig. 4(a) -(c)). The TEY detection mode provides surface sensitivity to the top 5-10 nm of the sample [44] and therefore probes only the main and surface NSMO layers. The Mn-XMCD spectra confirm FM behavior above and below T N , however, the magnetic signal is smaller in magnitude at 80 K compared to 160 K, consistent with the formation of AFM domains below T N . Fig. 4(c) and (d) compare the magnetic hysteresis loops acquired by XMCD and bulk magnetometry, respectively at 80 K and 160 K. In both cases, the magnetic field was applied along the [0 0 1] substrate direction and the diamagnetic signal from the STO substrate was subtracted from the bulk magnetometry measurements. The magnetic moment for bulk NSMO is reported to be~195 emu/cm 3 , or 1.18 μ B /Mn [45, 46] ; however, the saturation magnetization of the NSMO thin film in Fig. 4(d) is~135 emu/cm 3 (or 0.82 μ B /Mn). This difference suggests that the FM/metallic phase and other insulating phases with lower or no net magnetization coexist at the measurement temperatures. In Fig. 4(d) a single magnetic transition is observed at 160 K, while two magnetic transitions are observed at 80 K. This magnetic behavior is consistent with the RXRR fitting that shows that the NSMO film consists of three distinct layers, where this low temperature magnetic phase may correspond with the thin, fully strained layer at the STO substrate interface [47] [48] [49] . In contrast, the XMCD hysteresis loops (Fig. 4(c) ) display only a single magnetic transition at both temperatures with coercivity values which correspond well with those from the bulk hysteresis loops. Therefore, we propose a model where the surface NSMO layer corresponds to a non-magnetic layer commonly observed in many perovskite oxide thin films [25, [47] [48] [49] , the main NSMO layer displays both the PM/FM and FM/AFM transitions, while the fully strained layer at the substrate interface displays only a PM/FM transition with a reduced T C .
XLD spectroscopy [50] is one of the few techniques capable of probing AFM order in thin films. In general, XLD spectra are sensitive to any asymmetry in a sample such as crystal-field effects, ferromagnetic anisotropy, orbital ordering, and the charge distribution around AFM moments [51, 52] . Therefore, careful design of the experimental geometry is needed to identify the true source(s) of the dichroism. The measurement geometry for the NSMO thin films on (1 1 0)-oriented STO substrates is shown in Fig. 5a . With a 45°incidence angle relative to the sample surface, the s-and p-polarized X-rays probe the [0 0 1] and [1 0 0] substrate directions, respectively, the latter of which is aligned with the JT distortions which occur to induce the FM-AFM transition. The dichroism is calculated as the difference of the XA spectra obtained from those two directions and shown as a function of temperature in Fig. 5b . A pronounced XLD signal is observed at 80 K (blue curve) and while it decreases in magnitude with increasing temperature, it does not completely disappear at 300 K (red curve). This residual XLD signal likely results from the structural asymmetry of the strained film as it possesses a different line shape compared to the low temperature curves [53] [54] [55] . By subtracting the 300 K signal from the 80 K and 160 K curves, we obtain the pure AFM XLD spectra at each temperature (brown and green curves). These two subtracted curves maintain the same spectral shape and only differ in their magnitude, indicating that they have the same origin, i.e. the AFM properties. The XLD intensity of the subtracted curve at 160 K only retains 30% compared to the subtracted curve at 80 K. The fact that the XLD signal does not completely vanish at 160 K, supports the persistence of some AFM domains at this elevated temperature.
In order to investigate the coexistence of the FM and AFM domains at low temperature, XMCD-and XLD-PEEM images were acquired from the same location ( Fig. 6) with the incident X-rays oriented along the [0 0 1] substrate direction. The sample orientation in the PEEM3 microscope agrees with the XMCD spectroscopy measurements (Fig. 4) , but because of the fixed incidence angle (30°) of the instrument, the geometry must differ from the XLD spectroscopy measurements (Fig. 5 ). The local contrast of an XMCD image follows a cosine dependence between the local magnetization vector and the propagation direction of the incident X-rays. Domains that are aligned parallel/antiparallel to the incident X-ray direction appear with strong white/black contrast. From Fig. 6a , small FM domains (black/white regions) are aligned horizontally in long stripes, separated by long stripes with grey contrast. The approximate size of the FM domains are 0.5-1 μm. The gray regions can either be domains with magnetization oriented perpendicular to the X-ray incidence direction or non-FM regions.
XLD-PEEM images are used to clarify the nature of these gray regions. The local contrast of an XLD-PEEM image can be described as:
(1)
where a and b are material constants, L is the AFM moment, and θ is the angle between L and the E-vector of the linearly polarized incident Xrays [56] . In order to fully identify the orientation of the AFM spin axis, images were captured as the orientation of the E-vector was varied from p-to s-polarization, i.e. as the polarization angle, ψ varies from 0 to 90°. At each polarization angle, images were collected at two X-ray energies corresponding to the positive/negative peaks in the L 2 XLD signal (dashed lines in Fig. 5c ) and the final asymmetry XLD image was calculated. Fig. 6b shows the XLD-PEEM image acquired at ψ = 45°where the domain contrast was the strongest. As with the XMCD-PEEM image, long horizontal stripes are also observed in the XLD-PEEM image with alternating black/gray contrast. Comparing the XMCD-and XLD-PEEM images (e.g. region highlighted by the red square), the FM domains (white/black dots) correspond to gray regions in the XLD-PEEM image, while the gray regions in the XMCD-PEEM image correspond to black regions in the XLD-PEEM image. As shown in Fig. S2 , the contrast in the black regions have the expected ψ dependence for AFM domains oriented along the [0 0 1] substrate direction while the gray regions do not show a significant ψ dependence as expected for a FM domain. These images conclusively confirm the coexistence of the FM and AFM domains through the formation of elongated domains oriented along the [0 0 1] substrate direction. PEEM images from other regions of the sample also show the correspondence between the FM and AFM domains, but the directions of the elongated domains vary from location to location across the sample.
Conclusions
In summary, the electronic and magnetic transitions of NSMO thin films grown on (1 1 0)-oriented STO substrates were probed using a combination of bulk and synchrotron radiation-based characterization techniques. Under optimized growth conditions, the NSMO film showed both lateral and vertical phase separation, where it consisted of three layers with differing density and magnetic properties. The main NSMO layer constitutes the majority (14.7 nm) of the total film thickness (16.5 nm), and displays bulk-like density. This main layer was fully strained in the in-plane [0 0 1] direction while partially relaxed in the in-plane [1 1 0] direction. Resistivity and magnetization measurements revealed that with decreasing temperature, this strain state enabled the NSMO film to transform from a PM/insulating to FM/metallic state at 197 K and then to an AFM/charge-ordered insulating phase at 150 K. In order to directly probe the FM and AFM properties of the main NSMO layer, Mn-XMCD/XLD spectroscopy and microscopy were performed as a function of temperature. A carefully designed XLD spectroscopy measurement allowed us to extract the pure AFM signature of the NSMO film. While a clear AFM signature existed below T N , we found that a proportion of the FM phase remained for temperatures down to 80 K. The lateral coexistence of the FM and AFM phases was directly imaged by X-PEEM where they form extended domains along the [0 0 1] substrate direction. The correspondence between the FM and AFM domains exists across the sample, but the directions of the elongated domains vary from location to location. This understanding of the electronic/magnetic transitions of NSMO in thin film form is necessary to enable its incorporation into next generation memory devices.
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